Of rind I N my paper on neuro-muscular fatigue published in this journal for May, Igor, I made but slight reference to the subject of muscular soreness beyond the statement that " when an untrained muscle makes a series of contractions against a strong spring, a soreness frequently results which cannot be regarded as a phenomenon of pure fatigue."
Further discussion of the matter was postponed to await the completion of the experiments which form the basis of the present paper.
The use of the word " trained " at that time was somewhat indefinite, and it may be well at the outset to define my use of it then and non, in order to prevent possible misconception. By a trained muscle or a muscle in training is meant one which has been making regular ergographic experiments for some time previously without resulting soreness or lameness. The muscle may have been accustomed to ergographic work and may be very strong; but if a considerable period of time llave elapsed since the last experiment, such a muscle would be classified as untrained or out of training.
I am unable to state what length of time must elapse to put a muscle out of training ; but I have never classified a muscle as trained unless it had made an experiment within the preceding three weeks.
My attention was first attracted to the subject of muscular soreness in the latter part of November, 1899. Six months before a series of almost daily ergographic tracings from the flexors of the middle finger had been brought to a conclusion? The muscle was in a high degree of training, the curve of work always falling asymptotically to a constant fatigue level, from which recovery took place rapidly on passing to a slower rhythm.
No soreness had been noticed. The experiments were resumed in November, after the lapse of six Ergogmj5Aic Studies ziz iWuscu Zur Soreness. months, during which no ergographic tracings were taken nor any work done which involved hard work on the part of the muscles in question.
The first tracing (November 30) was recorded without discomfort at the time of experiment, but it was noticed that it failed to show a fatigue level. This is shown in Fig. I , which will enable the reader to compare the result of this experiment with that of one taken during the previous period of tracing.
It was also observed FIGURE l.-1. Curve plotted from a tracing given by the trained muscle, May 5, 1899. 2. Curve plotted from the initial tracing of the same muscle out of training, Nov. 30, 189%
3. Curve plotted from the tracing of the same muscle on the following day (Dec. 1, 1899) while in a condition of soreness.
In this curve, the contractions were very painful at n; much less so at 6; at t the pain had entirely disappeared, or was noticed only at the height of contraction and then was slight, C 6 sec. -= Rhythm, -= *-c Q sec. A' j sec. a-----= Rhythm, n) = -lz sec. Abscissae give time in minutes.
that, not only did the curve in the former case continue to fall to the end of the experiment, but that the fall was not uniform ; on the contrary sudden diminutions were frequently noticed in the height of contractions, as shown somewhat imperfectly in the figure. The same thing has been more or less marked in the nine other initial tracings taken from the untrained muscle during the past two years.
As already stated, no discomfort accompanied this tracing, nor was any noticed for sbme hours afterward.
Eight or ten hours later, however, the muscle began to show signs of soreness, and this soreness increased to its height twelve or more hours after the tracing. In other subjects this soreness has appeared much later, reaching its maximum as late as forty-eight or even sixty hours after the tracing.
On the following day, while the muscle was still sore, a second experiment was made, For the first two or three minutes the act of contraction against the resistance of the spring was excessively painful, as if countless needles were being driven into the arm.
This pain, however, gradually wore away as the experiment continued, and in the course of five or ten minutes had entirely disappeared, or was noticed only at the height of contraction.
The curves obtained on the first and second days may be compared by reference to Fig. I . It will be noticed that the disappearance of pain was without effect on the height of contraction, which, under the conditions of our experiments, is equivalent to saying that it was not accompanied by improvement in the strength of the muscle.
It will also be noticed that the rather striking level of work maintained throughout the second experiment is approximately that to which the curve of the previous day had fallen.
The soreness, which thus disappeared during the tracing and which was not noticed for some hours afterward, returned in ten or twelve hours and ran the same general course as that observed after the tracing of the first day. On the following (third) day a similar experiment gave a curve almost identical with that of the second day.
Indeed, no improvement whatever was noticed in the working capacity of the muscle so long as daily experiments were made ; each tracing gave the same reduced level of work; the soreness, at first: very intense, passed off in from five to ten minutes, to return some hours later.
Such daily experiments were made for six days.
I In the course of a month and a half the working capacity of the muscle, as indicated by the height of the initial contraction and of the fatigue level improved step by step until it was somewhat better than that observed eight months before.
The third series of experiments given in my former paper1 were from this period, after the muscle was again in training. The pain may be described as beginning with a dull ache which increased in intensity until it was almost unbearable.
It began in the first tetanus during the third minute, in later tracings after the first thirty seconds, becoming more intense with each succeeding tracing.
Immediately after the close of the experiment no marked discomfort was noticed ; within fifteen minutes, however, the flexor muscle1 felt lame, was sore to the touch, and contraction against even slight resistance was uncomfortable or even painful. Although I have no record of the exact time at which this condition was most marked, it is safe to place it about one half hour after the end of the experiment.
From this time it gradually wore off, disappearing entirely within four hours.
It will be remembered that, in the experiments described at the beginning of this paper, no discomfort whatever was experienced during the experiment nor for several hours afterward.
On the following day the usual rhythmic tracing was taken to test the working capacity of the muscle, which was found to be in a perfectly normal condition, showing no diminution in the height of the initial contraction or of the fatigue level, and suffering no soreness either during or after the experiment.
These two experiences, thus described in some detail because subsequent experience has shown me that they are quite typical, suggested the advisability of studying the whole phenomenon of muscular soreness (resulting from work) on a large number of individuals.
Observations have accordingly been made, under my direction, by members of the senior class of the Boston Normal School of Gymnastics, partly in the physiological laboratory of the Massachusetts Institute of Technology, but: mostly at the Normal School of Gymnastics.
The subjects of experiment were in all cases students or instructors of the latter school. Table  3 . Except in the case of one subject CT, H.), the adjustable hook of the finger splint was attached at approximately I k inches (28 mm.) from the joint.
Owing, however, to the inexperience of some subjects in adjusting the splint, it should be said that it is not safe to assume that this distance was al ways accurately determined ; in a few cases the adjustment was not made at all. This error is, however, of little importance in the present investigation, since our study does not involve comparison of daily records from the same individ ual ; it is mentioned here, because the experiments have been arranged in the table in the order of the height of contractions. While this no doubt gives approximately the relative strength of the same muscle in different subjects, the classification is not absolutely accurate.
Study of the results will, I think, bear out the following conclusims :
I.
There are two kinds of muscular soreness or lameness. The first is very marked during work and m'ay be noticeable for three or four hours afterward ; it then passes away entirely.
The second kind, on the contrary, is not noticed at all at the time of the tracing nor for some time afterwards; it usually begins about: eight hours after the work, increases to a maximum which may occur from ten to twenty-four, or even more hours later; indeed this soreness may not make its appearance until the second day after the tracing; it gradually passes away, but may be noticeable for four or more days, when the muscle is contracted against resistance or is over-extended. Observer. To this point we shall return ; for the present it is desired to emphasize the fact that the intensity of the second kind of soreness not only does not vary with the intensity of fatigue, but seems, on the contrary, to be an entirely independent phenomenon.
5. Both kinds of soreness are, in general, much more marked with those muscles which give the strongest (highest) contractions. 6. While the second kind of soreness followed experiments of the C Q sec. rhythm -= >--i? 2 set in 85 per cent of the cases, it followed those of the rhythm C I sec. -= -in only 45 per cent. R I sec. In certain subjects of experiment the same muscle was used at different times with different forms of contraction. Table II gives the results in these cases for convenience of comparison and will be found to support the above conclusions in a very striking manner.
Each " yes," rf no," or " slight,"
indicates a separate experiment.
The subjects are arranged in general in the order of the strength of pull exerted. Showing the occurrence of soreness after ten or more hours in those muscles which worked with more than one rhythm.
Where marked soreness followed all kinds of contraction the results are given in italics.
Subject.
Tetanus.
-- The above results are worthy of attention because of the light which they throw on the nature of muscular soreness, and from their bearing upon the technique of ergographic work in general. It will be convenient to discuss these two phases of the matter separately.
The muscular soreness which for the want of a better term we have simply called rl the first kind " and which so frequently appears during sustained tetanus would seem to be closely associated with the phenomena of fatigue.
Upon this basis it presents littfe difficulty of explanation.
We know that waste products accumulate, first within the sarcolemma and subsequently in the interstitial lymph spaces of the muscle.
Loebl has shown, moreover, that when an excised muscle has been thrown into activity the osmotic tension within the muscle fibre increases, as is shown by its increase in weight when placed in a solution of sodium chloride isotonic with the contents of a resting muscle.
It would seem, in view of these facts, that until the blood and lymph currents are able to remove the diffusible wastes from the muscle, there must be more or less azdema in the organ.
Whether the pressure of the swollen muscle fibres upon the sensory nerve endings is to be regarded as the cause of the soreness, or whether we are dealing with chemical stimulation uf these nerve endings, or whether both causes take part in the soreness must for the present be left undecided ; if the former is the only cause, the thickness of the muscle fibre must obviously be greater than it is in a maximal contraction, where no such soreness is felt. In the experiments made in 1901, measurements were made of the girth of the forearm before and after the experiment. Four marks were made on the skin over the belly of the flexor muscle so as to get the measurements at the same places. The results on the whole have been unsatisfactory ; it is, however, of interest to note that whereas the measurements following rhythmic contractions showed at times an increase, and at other times no change at all, sustained tetanus was always followed by an increase of girth, varying from 3 to 6 mm.
On the other hand, equally large increases were sometimes observed after rhythmical work and when no soreness whatever was present.
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If this soreness, then, be caused by the same conditions which produce fatigue, namely the presence of the diffusible waste products of activity we should expect to find, as we do find, that it takes the course described above, passing away within very few hours of the work itself. One other peculiarity of this soreness may also be urged in support of our explanation of its cause.
It will be remembered that it was a common experience to find that the pain accompanying the work of sustained tetanus ceased altogether with the end of contraction, while lameness developed to a marked degree during the following half hour or more. This would mean that the pain felt during contraction is partly due to the pressure of the contracted and now somewhat swollen muscle fibres on sensory nerve endings; the release of this element of pressure by the cessation of contraction brings temporary relief; the greatly increased blood-flow, however, which follows the relaxation of the muscle now gives for a time the osmotic conditions favorable for the absorption of water by the fibres, with the return of pressure on their nerve endings.
This alone may be enough to produce soreness, which is greatly increased, of course, should the muscle be contracted while in this condition.
In any case, we should expect the lameness to pass away, as it actually does with the removal of the diffusible waste products by the blood current.
Attention may also be called to the fact that we should expect the soreness to be greatest in the stronger muscles.
Passing now to the second kind of soreness, I think that the facts already given show clearly that: it is not a phenomenon of fatigue. It occurs least frequently where fatigue is greatest, that is to say, in sustained tetanus ; it rarely follows rhythmic contractions which show marked fatigue, that is to say in those tracings in which the fall to the fatigue level was rapid and the fatigue level itself was low; it has appeared in a most severe form with slow rhythms where the fall in the height of contraction was least of all; and it makes its appearance at a time when we should expect the conditions of fatigue to be entirely removed.
The two processes, in other words, run an entirely independent course.
On the other hand, it may appear after any kind of muscular work, especially if the height of contraction be very great, thus subjecting the muscle to great tension?
It follows some kinds of work, however more readily than others.
It almost always appears to a greater, or C g sec. less degree after experiments with the rhythm R = P Q ; in a sec. smaller but still large per cent after experiments with the rhythm C I sec. -=-R ; in a much smaller percentage after experiments with g secm c the rhythm R = I; and least frequently after sustained tetanus.
1 sec.
It varies directly with a combination of two factors; the suddenness and the height of the contraction.
The relation between the height of contraction and the frequency of soreness has already been pointed out. As to the suddenness of contraction, it will be seen that soreness is more frequent with the rhythm 4 sec. : $-sec. than with the rhythm I sec. : I sec., where the number of contractions in a unit of time is the same but where more time is allowed for shortening.
Any one who has used these two rhythms is acquainted with the entirely different psychical effect they produce; in the former the subject feels somewhat hurried, in the latter, that there is ample time; the result is that with the former rhythm the contraction inevitably assumes the form of a jerk, -with the latter it is slower and more deliberate.
It will be at once suggested that the results with the slow rhythm C I sec. lP=gsec.
do not bear out this view of the case. Experience, however, will show that this is not the case. The subject seems to be unconsciously afraid that when the tenth second comes, he will not make the best of his opportunity, and he accordingly puts so much effort into the contraction, that he gives it in almost all cases the form of a jerk.
I am sure, from watching the experiment in some cases where the resulting soreness was very marked, that this is true; moreover, in one experiment which I have myself made with this rhythm upon an untrained muscle and in which special care was taken to avoid the jerk form of contraction, the resulting soreness was comparatively slight. It must also be remembered that this rhythm adds the other factor which we have seen to be so closely associated with the production of soreness, namely the higher contraction, or greater tension.
It seems that not only are these facts all explained on the assumption that the second kind of soreness described in this paper has its origin in some sort of rupture within the muscle itself, but that this assumption explains other things which have been observed. It muscle are not weaker, so far as our evidence goes, than those of the trained muscle. Why the muscle not in training should act as it does, suffering rupture of its structure, if our explanation be correct, is not clear. It may be suggested, however, that the efficiency of the muscle as a working machine depends, not only on its cross section and on the strength of the individual fibres, but also on the perfection in the coiirdination of their work; they must work together to exert the greatest pull.
This, in turn, depends on the coijrdination of their innervation, and suggests that the rupture is due to the uneven action of the stimulating neurones ; if, for example, the group of fibres innervated by one motor nerve fibre receive their maximal stimulation while the neighboring fibres, innervated by a second neuron, fail of stimulation or receive a decidedly weaker stimulus, it is probable that the strong contraction of the former group would rupture their connective tissue attachment to the second group and thus initiate the phenomenon of soreness.
A muscle out of training would thus differ from one in training not in the condition of the muscle itself but in that of its innervating mechanism. Many facts which I have noticed, and some of which I have already given, might be urged in support of this view ; but to discuss the matter at length would lead us too far into regions of speculation for the pages of this journal.
The bearing of these results upon the technique of ergographic work is obvious.
The first kind of soreness (that which accompanies or immediately follows work) is a disturbing factor where the ergograph is used for the study of fatigue only in so far as it interferes with the continuance of maximal volitional innervation.
The second kind, which we have explained as involving actual rupture within the muscle, is much more serious.
Even if we trace it to the fatigue of nerve cells, the tracing gives no intelligible record of such fatigue. A more important matter is the fact that the diminution in the working capacity of the muscle is due not to fatigue alone but to other causes as. well; the tracing becomes a record, partly of fatigue, partly of the results of muscular lesions ; or, without insisting upon our explanation of the cause of soreness, the experiments given above leave no doubt that it must be sharply distinguished from fatigue.
No ergographic experiment, therefore, which is followed by the least soreness (of the second kind) is trustworthy in the study of simple neuro-muscular fatigue. Such experiments must be made on trained muscles, that is to say, upon muscles which can be depended upon to give typical fatigue curves with the establishment of a fatigue level; and in testing the influence of any agent such as temperature changes, barometric pressure, humidity, smoking, stimulants, special food-stuffs, etc,, upon simple neuro-muscular fatigue those experiments which are complicated by soreness should be rigorously excluded. Not only this, but the muscle should in all cases be tested for soreness in the period beginning twelve hours after the completion of the experiment. This is all the more important in view of the fact that the abnormal condition of the muscle frequently escapes notice, unless attention is specially directed to it by making it work or by over extension.
SUMMARY OF RESULTS AND CONCLWSIONS.
In addition to the results already given on pages 80 and 85, we may add :
I. The first kind of soreness would seem to be due to the same causes as those which produce fatigue, namely the presence of the diffusible waste products of activity.
2. There are reasons for thinking that the second kind of soreness is fundamentally the result of ruptures within the muscle. 3. When the ergograph is used to study fatigue, all experiments which are followed by soreness of the second kind should be excluded ; and in all such work the muscle should be tested twelve or more hours later for soreness by contracting it against resistance and by over extension.
